Neuropilins are a class of cell surface proteins implicated in cell migration and angiogenesis, with aberrant expression in human tumors. Here, we show that the expression of Neuropilin-2 (NRP2
Introduction
Most oncogenes encode for proteins implicated in sustaining cell proliferation and/or protecting cell viability, and their deregulated activation can support uncontrolled neoplastic growth. It is commonly assumed that multiple genetic changes are required to drive cancer formation; however, certain constitutively activated oncogenes can rearrange cell signaling pathways to the point of becoming pivotal (and thereby essential) regulators of proliferation and survival of tumor cells, which makes them also perfect targets for therapeutic approaches, a status called "oncogenic addiction" (1, 2) . On the other hand, accumulating studies over the last decade, have consistently demonstrated that tumor cells that are specifically targeted in their Achille's heel, tend to upregulate alternative pathways capable of rescuing cell viability. In fact, Darwinian selection of the fittest, favored by cell heterogeneity in eliciting these rescue mechanisms, eventually leads to the rise of drug-resistant cells, which account for disease progression. In this setting, experimental studies aim not only at the identification of novel potentially druggable addiction mechanisms of cancer cells, but also focus onto pathways that could maintain cell viability in the face of targeted therapies. In many cases, these adaptive mechanisms of drug resistance do not imply genetic changes (at least at start), but depend on gene expression or functional regulations, maintained under the selective pressure of the therapy. For example, we have previously shown that impaired response to MET oncogene-targeted therapy may be sustained by EGFR kinase activity, both in cell lines and in patient-derived gastric cancer xenografts grown in mice (3, 4) . Indeed, MET and EGFR combined targeting achieved full tumor regression and prevented resistance onset in this setting; however, the molecular mechanism sustaining EGFR overexpression and resistance could not be elucidated. Neuropilins (NRP1 and NRP2) are a small family of conserved and widely expressed transmembrane proteins, originally implicated in the regulation of axon guidance and vascular development (5, 6) . Neuropilins are widely distributed in the adult tissues, and their levels are often altered in human tumors, compared with normal tissues (7) . We and others have previously shown that NRP1 is crucially required for the viability and growth of a range of cancer cells (8) , which is consistent with its abundant expression in advanced stage human tumors (9) . We have also identified one molecular mechanism accounting for a selective advantage coupled with NRP1 overexpression in cancer cells. In fact, NRP1 can form a complex with EGFR on the surface of cancer cells, where it promotes ligand-induced EGFR clustering and endocytosis, leading to intracellular activation of AKT signaling cascade (8) . The NRP1-homologus molecule Neuropilin-from Millipore (clone 2F12). Total and phosphorylated forms of MAPK and AKT (against pAKT-S 473 and pMAPK-Thr 202 /Tyr 204 ) were detected with antibodies from Cell Signaling Technology. Total IkB was detected with an antibody purchased from Abcam (ab32518). Other antibodies applied in this study were: anti-vinculin (V4505, Sigma) and anti-βactin from Santa Cruz Biotechnology (clone I-19) for loading control. Secondary antibodies were purchased from Promega or The Jackson Laboratory. EGF and TGFα were purchased from Abcam. The IKK inhibitor BMS-345541 was supplied by Sigma, the IKK-16 from Santa Cruz Biotechnology. JNJ38877605 MET kinase inhibitor was kindly provided by Janssen. Crizotinib was purchased from Carbosynth.
Cell proliferation analysis
Tumor cells were seeded in multiple 96-well plates at an initial density of 1.5-3 × 10 3 cells per well (depending on the cell line), and subsequently grown in complete medium. At each experimental time point, one multiwell dish was fixed with 11% glutheraldehyde, stained with crystal violet, and the absorbance was read using a standard colorimetric system at 595nm.
Cell viability assay
Tumor cells were seeded in 96-well plastic culture plates at an initial density of 1-2 × 10 3 cells per well (depending on the cell line) in the presence of the indicated drugs or vehicle (DMSO). Cell viability was assessed using a luminescence assay (CellTiter-Glo Luminescent Cell Viability Assay, Promega). After 72 hours from seeding, the medium was changed and the cells incubated with CellTiter-Glo reagent. The number of viable cells was directly proportional to the luminescent signal recorded.
Establishment of acquired resistance to targeted inhibitors in MET-addicted cancer cells
To establish cells resistant to JNJ38877605, we treated parental EBC1 cells with escalating concentrations of the drug, starting from 15 nmol/L (around IC50), until they reacquired the ability to grow in presence of JNJ38877605 at the same rate of parental cells (in absence of the drug); then the inhibitor concentration was doubled until the cells accomplished resistance to 180 nmol/L JNJ38877605. Following a similar protocol, we treated parental SG16 cells with escalating concentrations of JNJ38877605, starting from 25 nmol/L, until establishing resistance to 250 nmol/L.
Gene expression knockdown by RNA-interference
Neuropilin-2 expression was silenced in tumor cells by transfecting targeted siRNA sequences (with Lipofectamine 2000, Invitrogen) or by transducing shRNA-expressing lentiviral constructs (to achieve stable knock-out). A pool of three different chemically synthesized siRNA sequences targeting Neuropilin-2 transcripts were used for transient gene silencing (#1: GCCGCAGCUUUGCCUGACU; #2: UUCCAAAGAUGCUGCCUAU; #3: GAGCCACCUUCUCCAAAAU). To achieve long-term expression, the best targeting sequence (#2) was inserted into the lentiviral transfer plasmid pCCLsin.PPT.hPGK.GFP.Wpre as previously reported (15) , in the frame of a sequence driving the transcription of a short hairpin RNA under control of the H1 promoter (indicated as shNRP2). As control shRNAs (shC), we expressed a nontargeting sequence (GATAGGTCATGACTGTCCC). We furthermore silenced Neuropilin-2 with a puromycinselectable construct purchased from Sigma-Aldrich (TRCN0000063312) targeting an independent sequence, and used pLKO empty vector as control. Three different sequences of chemically synthesized siRNAs targeting KIAA1199 transcripts were used, either alone or as a pool (#a: ACAUUGAAAUAUUCGCCAUGCUC; #b: GACAAGGAGGCCAAGACAGTGGT; #c: GGUAUUCAGCCGGAUCCUU). To achieve long-term silencing of KIAA1199, we applied two selected independent puromycin-selectable constructs provided by Sigma-Aldrich: TRCN0000118787 and TRCN0000118791 (indicated in the text as shKIAA1199 #87 and shKIAA1199 #91). 
Statistical analysis

Results
Neuropilin-2 negatively controls EGFR levels and dampens the growth of EGFR-addicted tumor cells Neuropilin-2 (NRP2) is differentially distributed in human tumors, but its functional relevance in this context is largely unclear. We therefore knocked down its expression by RNA interference in two human cancer cell models, that is, A549 lung and PC3 prostate carcinoma ( Fig. 1A) . Notably, neither the phenotype nor the growth rate of the two different cell lines appeared to be affected upon NRP2 downregulation ( Fig. 1B ; Supplementary Fig. S1A ). Because we have previously shown that the homologous protein NRP1 promotes EGFR signaling in cancer cells (8) , we asked whether NRP2 could also regulate this pathway. In fact, NRP2 silencing resulted instead in a strong increase of EGFR protein levels ( Fig. 1C ; Supplementary Fig. S1B ), but not of other family members ERBB2 or ERBB3 ( Supplementary Fig. S1C ), underlying the specificity of this mechanism. Notably, EGFR regulation did not occur at transcriptional level, because mRNA abundance was not significantly affected ( Fig. 1D ). Moreover, in complementary experiments, we found that NRP2 overexpression downregulated EGFR levels in these cells ( Supplementary Fig. S1D ). These results strongly suggested that NRP2 can negatively regulate EGFR signaling.
Figure 1. NRP2 negatively regulates EGFR expression in cancer cells. A, A549 and PC3 carcinoma cells were subjected to stable
NRP2 silencing by shRNAs (shNRP2), as demonstrated by real-time qPCR analysis (performed in triplicate); controls were provided by cells transduced with a nontargeting construct (shC or empty vector, EV). B, The growth rate of the same cells shown in A was assayed in cell culture; cell numbers were estimated by crystal violet staining (of quadruplicate wells per each condition) and normalized to the first assessment after seeding (day 0). The experiment was repeated with two independent batches of transduced cells, showing similar gene knockdown as in A. C, Western blotting analysis of NRP2 and EGFR protein expression in the same cells transiently transfected with siRNAs directed against NRP2 (siNRP2), or control siRNAs (siC). EGFR band intensity quantification (vs. respective controls) is shown at the bottom. Vinculin staining provided a loading control. Images depict representative results of three independent experiments. D, EGFR mRNA levels were quantified by real-time qPCR analysis (in triplicate) in the same cells as in C.
Notably, most cancer cells growing in permissive conditions in vitro do not depend on the EGFR pathway for proliferation. Thus, to assess the functional relevance of this mechanism, we initially assayed the proliferation of A549 cells in serum-deprived medium solely containing EGF or TGFα growth factors. Notably, in these stringent conditions, EGFR ligands improved the viability of NRP2-depleted cells, whereas control cells were unaffected ( Supplementary Fig.  S2A ). We then assessed NRP2 activity in PC9 lung carcinoma cells that are actually addicted to EGFR signaling, and can be targeted with inhibitor drugs, such as erlotinib, resulting in dramatic viability loss (16) . In keeping with the mechanism described above, NRP2-overexpressing PC9 cells showed reduced proliferation rate ( Fig. 2A) , accompanied by partial downregulation of EGFR levels and intracellular signaling ( Fig. 2B ). Moreover, they acquired increased susceptibility to targeted therapy (Fig. 2C ); for instance, at drug concentrations totally ineffective in control cells, erlotinib could achieve highly significant viability loss in cells overexpressing NRP2. Consistent with the observed growth disadvantage, NRP2 overexpression in stably transduced cells was progressively lost in culture in a few weeks period ( Supplementary Fig. S2B ). These data further validated the functional relevance of NRP2-dependent negative regulation of EGFR levels in tumor cells.
Figure 2. NRP2 inhibits growth and viability of EGFR-addicted PC9 cells. A, EGFR-addicted PC9 carcinoma cells were transduced
to express NRP2 (or mock-transduced with an empty vector, EV) and the growth rate was assayed in cell culture; cell numbers were estimated by crystal violet staining (of quadruplicate wells per each condition) and normalized to the first assessment, shortly after seeding (day 0). Four independent batches of transduced cells were analyzed in independent experiments, with consistent results. B, Western blotting analysis of the same cells shown in A, with the indicated antibodies. The same cell lysates were loaded in two separate blots (left and right images). Three independent experiments yielded consistent results. Band intensities were quantified (vs. respective controls) and are shown at the bottom for EGFR, pAKT/totAKT ratio, and pMAPK/totMAPK ratio. C, The same cells as above were incubated for 72 hours with the indicated concentrations of EGFR kinase inhibitor erlotinib (or DMSO as vehicle, Veh), and cell viability was assessed by CellTiter Glo assay (each point in quadruplicate) in three independent experiments. Statistical analysis compared cells transduced with NRP2 vs. empty vector. Statistical significance: **, P < 0.005; ***, P< 0.0005.
NRP2 downregulation in MET-addicted cells unleashes EGFR expression and drives EGFR-dependent resistance to targeted therapy
We then analyzed the functional relevance of NRP2 in other tumor cell models of oncogene-addiction, in particular EBC1 lung cancer, and GTL16 and HS746T gastric cancers, carrying METgene amplification and susceptibility to MET kinase inhibitors, although to different extent and IC50values (4, 17) . Notably, in these cells, EGFR expression is basally low, but we confirmed a prominent EGFR upregulation upon NRP2 silencing, achieved by means of two independent shRNAs ( Fig. 3A ; Supplementary Fig. S3A ). It was previously reported that NRP2 is produced in at least two splice variants, with putative functional differences (18); actually, upon either combined or selective knock down of the two NRP2 isoforms by independent siRNAs, we achieved EGFR upregulation in cancer cells ( Supplementary Fig. S3BC ). Importantly, the therapeutic response to two different MET kinase inhibitors (JNJ38877605 and crizotinib) was significantly reduced in NRP2-depleted cancer cells ( Fig. 3B-E ; Supplementary Fig. S3D ). This suggested that NRP2 negatively regulates a mechanism that can prevent responsiveness to MET oncogene-targeted therapy, and based on our results EGFR featured a likely candidate for this. Indeed, tumor cell treatment with a combined regimen targeting both MET and EGFR signaling could blunt the drug refractoriness elicited by NRP2 downregulation (Fig. 3FG ). To validate the relevance of NRP2 in controlling the onset of resistance to targeted drugs, we derived cells stably refractory to the MET kinase inhibitor JNJ38877605 from two distinct oncogene-addicted models, that is, the immortalized lung carcinoma cells EBC1 and the primary gastric cancer cells SG16 (4), by sustained treatment with escalating concentrations of the drug (Fig. 4A ). Of note, in the course of this process, EBC1 cells incidentally became dependent on the presence of the inhibitor ( Supplementary Fig. S4A ), a status also known as "drug-addiction" that we and others have previously described (19, 20) . Importantly, although the IC50 and activity of the MET inhibitor were different in the two cellular models, in both cases we observed a dramatic downregulation of endogenous NRP2 expression in cells that became insensitive to the treatment, accompanied by a striking increase in EGFR levels (Fig.  4B ). In fact, NRP2 downregulation was more profound in cells resistant to progressively higher drug concentrations ( Supplementary Fig. S4B ). This mechanism appeared to be due to epigenetic downregulation of NRP2 gene expression, as it could be largely reversed by treatment with the HDAC inhibitor TSA (Fig. 4C) . Moreover, analysis of NRP2 gene copy number at gDNA level did not reveal any significant change in resistant versus parental cells ( Supplementary Fig.  S4C ). In addition, by means of a validated NRP2 gene promoter reporter construct (12), we confirmed that NRP2 gene transcription was significantly reduced in drug-resistant cells (Fig. 4D) . Fig. 3 . Resistant cells were equally viable at the tolerated drug concentrations (indicated), as parental cells in the absence of the drug. Due to drug-addiction (see Supplementary Fig. S4A ), resistant EBC1 cells were always maintained in the presence of the MET-inhibitor. B, Western blotting analysis of NRP2 and EGFR protein expression in the same cells described in A. Three independent experiments were performed. C, NRP2 mRNA levels in the above shown drug-resistant (and parental) EBC1 cells, either treated with the histone deacetylase inhibitor trichostatin A (TSA) or DMSO (Veh), were assessed by real-time qPCR. Statistical analysis compared resistant cells treated with TSA versus vehicle. Three different experiments were performed. D, NRP2 gene promoter activity was assessed in parental and drug-resistant cells by transfection of a luciferase reporter construct. At least two experiments were performed per each cell line, yielding consistent results. E, EBC1 and SG16 cells, either parental or drug-resistant (the same as described in A), were subject to reverse transfection (in quadruplicate points) with NRP2 construct or EV as control. Western blotting analysis revealed changes in EGFR expression. The results were confirmed in three independent experiments. F, The same cells described in E were treated with JNJ38877605 (180 nmol/L for EBC1 and 250 nmol/L for SG16) or incubated with vehicle only, and cell viability was assessed after 96 hours (with CellTiter Glo assay). At least three independent experiments were performed. Statistical analysis compared cells transduced with NRP2 versus empty vector (EV). G, Cell viability assays of the same cells described in A, upon single or combined treatment of parental or drug-resistant cells with the MET-inhibitor JNJ38877605 (180 nmol/L for EBC1 and 250 nmol/L for SG16) and/or the EGFR-inhibitor erlotinib (1 μmol/L). The experiments were repeated at least three times. Statistical significance: **, P < 0.005; ***, P < 0.0005.
The causal role of NRP2 downregulation in drug resistance was demonstrated by forcing its re-expression in the two drug-resistant tumor models. Consistent with the described mechanism, this approach curbed EGFR expression in resistant cells (Fig. 4E) , and basally impaired their viability (Fig. 4F) ; most importantly, NRP2 re-expression in resistant cells recovered full sensitivity to the targeted therapy ( Fig. 4F ). We confirmed that drug resistance associated with NRP2 downregulation was due to EGFR signaling by assaying combined treatments with the specific inhibitor erlotinib (Fig.  4G) ; in fact, the latter proved effective (alone or in combination with JNJ38877605) in drug-resistant, but not in parental cells (which are not dependent on EGFR signaling). Interestingly, by a complementary approach, we found that drugresistant cells were enabled to proliferate in serum-deprived medium containing EGF or TGFα, whereas parental cells were insensitive to these factors and virtually growth arrested in these conditions ( Supplementary Fig. S4DE ).
NRP2 controls the expression of the EGFR-associated protein KIAA1199, in NFkB-dependent manner, impinging on EGFR protein stability
EGFR signaling upregulation sustaining tumor cell growth is often associated with gene overexpression; however, we had observed that NRP2 did not impact on EGFR mRNA levels. Actually, EGFR is furthermore posttranslationally regulated, by endocytosis and intracellular proteasomal and lysosomal-mediated degradation (21, 22) . Thus, we initially assessed EGFR ligand-induced internalization rate in control and NRP2-silenced A549 cells ( Supplementary Fig. S5A ), as well as in parental and drug-resistant EBC1 cells ( Supplementary Fig. S5B ), but did not observe any significant difference in EGFR endocytosis. Conversely, we found that, upon NRP2 overexpression, ligand-induced EGFR degradation was occurring with faster kinetics ( Supplementary Fig. S5C ). Thus, we investigated the potential relevance of NRP2 in controlling mechanisms held responsible for the regulation of intracellular EGFR protein stability. In particular, we found that NRP2 silencing strongly upregulated the expression of the EGFR-associated protein KIAA1199 (also known as CEMIP) in both oncogene-addicted and non-oncogene addicted cells ( Fig. 5A; Supplementary Fig. S3C ). As shown in Fig. 5B , KIAA1199 levels were clearly upregulated in drug-resistant carcinoma cells described in the previous paragraph, consistent with NRP2 loss; moreover, this mechanism was fully reverted by re-installing NRP2 expression ( Fig. 5C ). Fig. 4 ). C, KIAA1199 expression (analyzed as above) in parental or drug-resistant EBC1, either basally or upon NRP2 overexpression. D, Western blotting analysis of EGFR levels in PC9, PC3 and A549 carcinoma cells (as indicated), subjected to KIAA1199 silencing by transfection with a pool of siRNAs (siKIAA1199) or treated with control siRNAs (siC). Validation of KIAA1199 expression knockdown in the various conditions is shown in Supplementary Fig. S4A . Three independent experiments were performed, yielding consistent results. E, Western blotting analysis of EGFR levels in EBC1 cells (parental and JNJ38877605resistant) on the left, and SG16 cells (parental and JNJ38877605-resistant) on the right, subjected to KIAA1199 silencing by two independent siRNAs or treated with control siRNAs. Validation of KIAA1199 expression knockdown in the various conditions is shown in Supplementary Fig. S4BC . Three independent experiments were performed, yielding consistent results. F, KIAA1199 expression in EBC1 cells (parental or JNJ38877605-resistant) treated with two inhibitors of the NFkB pathway (i.e. BMS-345541 1μmol/L or IKK-16 1μmol/L, or DMSO as vehicle) was analyzed by real-time qPCR. Three independent experiments confirmed these results. G, EGFR expression was analyzed by Western blotting in (parental or JNJ38877605-resistant) EBC1 cells on the left and SG16 cells on the right, upon treatment with the same NFkB inhibitors as in F. Three independent experiments confirmed these results. Statistical significance: **P < 0.005; ***P < 0.0005. EV, empty vector. KIAA1199 has been reported to increase EGFR protein stability and signaling in cervical and breast carcinoma cells, acting as a viability-protecting mechanism elicited by the NFkB pathway (13) . Consistent with that, KIAA1199 knockdown curtailed EGFR protein levels in both oncogene-addicted and non-oncogene-addicted cells ( Fig. 5D; Supplementary Fig.  S5D) . Moreover, the observed upregulation of EGFR levels in drug-resistant EBC1 and SG16 cells was impaired by KIAA1199 silencing (Fig. 5E; Supplementary Fig. S5E ). Notably, we found that both KIAA1199 and EGFR upregulations in drug-resistant cells were dependent on the activation of the NFkB signaling pathway, as demonstrated by blockade with two distinct specific inhibitors (Fig. 5FG) . To assess the hypothesis of a negative regulation of NFkB by NRP2, we analyzed the upstream inhibitor of NFkB cascade, IkB. Indeed, IkB levels were decreased (and thereby NFkB signaling increased) in both EBC1 and SG16 drug-resistant cells, characterized by reduced NRP2 expression and KIAA1199 and EGFR upregulation ( Supplementary Fig. S6A ), notably, NRP2 re-expression in resistant cells restored IkB levels ( Supplementary Fig. S6A ), leading to NFkB pathway inhibition. Conversely, NRP2 silencing resulted in IkB-loss in PC3 carcinoma cells ( Supplementary Fig. S6B ), thereby suggesting a general relevance of this regulatory pathway.
KIAA1199 targeting downregulates EGFR levels, thus counteracting resistance to targeted drugs and promoting viability loss in oncogene-addicted cells
KIAA1199 is widely expressed in human tumors (23) ; thus, we asked whether impairing KIAA1199 expression in cancer cells could inhibit EGFR-dependent mechanisms sustaining proliferation, such as in EGFR-addicted cells or in cells resistant to therapy due to NRP2 downregulation. To this end, we knocked down KIAA1199 expression in EGFRaddicted PC9 lung carcinoma cells, which resulted in an early antiproliferative effect and dramatic viability loss in culture ( Fig. 6A; Supplementary Fig. S6C ), consistent with a blockade of the addition pathway in these cells. Similarly, KIAA1199 knock-down in MET-inhibitor-resistant cells largely rescued drug sensitivity ( Fig. 6BC; Supplementary Fig.  S6DE) , consistent with the consequent loss of the EGFR-dependent mechanism sustaining drug resistance.
Figure 6. KIAA1199 targeting counteracts resistance to targeted drugs and elicits viability loss in oncogene-addicted cells. A,EGFR-
addicted PC9 carcinoma cells were subjected to KIAA1199 silencing with two different shRNA constructs or mock-transduced with an empty vector (EV). The growth rate was assayed in cell culture; cell numbers were estimated by crystal violet staining (of quadruplicate wells per each condition) and normalized to the first assessment after seeding (day 0). Three independent experiments were performed, yielding consistent results. B, The same experimental setting as in A was applied to EBC1 JNJ38877605-resistant cells (described in Fig. 4) ; the experiment was repeated at least three times. C, EBC1 cells (parental and JNJ38877605-resistant) on the left and SG16 cells (parental and JNJ38877605-resistant) on the right were subjected to reverse transfection (in quadruplicate wells), with a pool of three siRNAs against KIAA1199 or control siRNAs. Parental cells were left untreated, whereas resistant cells were kept in the presence of the drug. Cell viability was assessed after 96 hours with CellTiter Glo assay. Statistical analysis compared KIAA1199-silenced cells with controls in the same experimental conditions. Validation of KIAA1199 expression knockdown in the various conditions is shown in Supplementary Fig. S6 . At least three independent experiments were performed. Statistical significance: *P < 0.05; **P < 0.005; ***P < 0.0005.
These data not only underscore the relevance of KIAA1199 in NRP2-dependent EGFR regulation, but identify a novel potential target for dwindling EGFR function in tumor cells and promoting the efficacy of targeted therapies by counteracting a mechanism of drug resistance.
Discussion
The so-called "addiction" of certain tumors to activated oncogenes is currently exploited therapeutically by the treatment with specific targeted drugs, which can achieve dramatic tumor shrinkage. Yet, this therapeutic effect is often lost upon the upregulation of alternative tyrosine kinase signaling pathways sustaining cell survival, and eventually leading to acquired drug resistance. For instance, we have previously shown that loss of responsiveness to MET oncogenetargeted inhibitors may be driven by the upregulation of EGFR kinase (3, 4) , although the implicated mechanisms were not elucidated. In the present study, we describe a previously unknown function of NRP2 in the regulation of EGFR expression in cancer cells, identify the implicated effectors of this pathway, and unveil its role in a mechanism of acquired resistance to drugs targeting oncogene-addiction. NRP2 expression is typically found: in neural crest derived cells (24) ; in a subset of endothelial cells (25) , whereby it was found to regulate tumor lymphangiogenesis; as well as in tumor cells (26) , where its functional role is still unclear. In fact, although we and others have demonstrated that the homologous receptor NRP1 is often required for cancer cell viability (8) , NRP2 knockdown experiments rather suggest a regulatory function in epithelial to mesenchymal transition, cell migration, and integrin function (10, 27) . Notably, a recent study reported that a NRP2 splice isoform (NRP2b) promotes TGFβ-R signaling (18) , which is an important pathway controlling cell differentiation and the acquisition of a mesenchymal phenotype. It was also reported that NRP2 silencing can lead to cancer cell death in response to active EGFR entrapment in intracellular vesicles (28), but we have not observed this effect in our cellular models. Actually, here we show for the first time that NRP2 is an important negative regulator of EGFR expression in a range of tumor cells. EGFR tyrosine kinase elicits a major signaling pathway sustaining cancer cell proliferation. In fact, EGFR ligands are abundantly present in the tumor microenvironment, due to autocrine circuits in cancer cells and paracrine release by stromal cells (29) . Moreover, EGFR protein levels may be upregulated in tumor cells, as the gene becomes amplified or mutated, leading to ligand-independent constitutive activation and oncogenic addiction. However, in many other cases, EGFR expression is induced in cancer cells as expedience mechanism, for taking advantage of its ligand-activated pathway sustaining survival and growth. It could therefore be speculated that NRP2 expression in tumor cells is leveled depending on the selective advantage conferred by the downstream regulated signaling cascades. For instance, in cells that are addicted to EGFR signaling, like PC9 lung cancer, NRP2 is almost undetectable, and we showed that its forced expression is hardly compatible with cell survival and growth. In MET-addicted cells, NRP2 is basally expressed at intermediate levels, but it is adaptively downregulated to allow the onset of EGFR-dependent acquired resistance to MET-targeted inhibitors. Moreover, in non oncogene-addicted cells, this NRP2-gated mechanism is relevant to enable responsiveness to environmental EGFR ligands, under nutrient-deprivation conditions. Intriguingly, although NRP2 levels are suppressed in conditions earning from EGFR upregulation, its expression might be valuable in cells exploiting specific pathways promoted by NRP2, such as TGFβ-R (18) or Hedgehog/Gli-1 (10) . For instance, Gli-1 expression was consistently reduced in all batches of MET-inhibitor resistant tumor cells, in association with NRP2 downregulation ( Supplementary Fig. S7A ). It was demonstrated that Hedgehog/Gli-1 signaling is required for melanoma cell growth (30) . Notably, melanoma cells are originally derived from the neural crest and indeed express high levels of NRP2, whereas NRP1 is almost undetectable. Interestingly, we found that -unlike in most carcinoma cell linesthe silencing of NRP2 caused growth arrest and viability loss in melanoma cells ( Supplementary Fig. S7BC ), indicating dependence on a NRP2-driven signaling cascade, to be elucidated. On a different note, it was recently shown that mesenchymal-type MDAMB231 cells are characterized by low levels of miRNA-196a-3p, which hinders both NRP2 expression and TGFβ-R signaling in other breast cancer cells (31) . This is consistent with the reported association between NRP2 and TGFβ-R (18), as well as with the known dependence of MDAMB231 cells on the latter signaling pathway (32) . Indeed, we observed that-unlike other carcinoma cells-MDAMB231 cells were dependent on NRP2 for viability and growth ( Supplementary Fig. S7D ).
In addition to showing previously unknown functions of NRP2 in diverse cancer cells, in this study we unveiled a novel signaling cascade controlled by NRP2 and responsible for EGFR regulation at posttranslational level, through the effector molecule KIAA1199/CEMIP. KIAA1199 was previously found in association with EGFR and capable of preventing its ligand-induced intracellular degradation (13) . Here, we found that NRP2 is a negative regulator of KIAA1199 mRNA expression, via NFkB pathway inactivation, thus controlling EGFR protein levels and signaling cascade. Notably, the intracellular signaling mechanisms downstream to NRP2 are poorly understood, and this is the first time that its role in the negative regulation of NFkB pathway is unveiled. Importantly, our data suggest that KIAA1199 targeting in tumor cells that are dependent on EGFR signaling (either primarily oncogene addicted or exploiting this pathway to acquire drug resistance) is strikingly effective in hindering growth, promoting response to targeted therapy, and counteracting resistance. For instance, KIAA1199 knockdown in EGFR-addicted PC9 carcinoma cells led to growth arrest, consistent with what we observed upon NRP2 overexpression. Indeed, we could not establish long-standing KIAA1199 silencing or NRP2 overexpression in PC9 cells, likely due to negative selection of cells undergoing EGFR downregulation. Moreover, interfering with KIAA1199 was effective in sensitizing to targeted therapy cancer cells, which were not primarily addicted to EGFR, but upregulated its expression as an adaptation and a secondary drug-resistance mechanism. Thus, KIAA1199 may be considered a promising target for future combined therapeutic regimens attacking human tumors that could use EGFR as adaptive mechanism of resistance.
In summary, here we describe a novel signaling cascade mediated by NRP2 in diverse tumor cells, hindering the NFkBdependent induction of the EGFR-stabilizing protein KIAA1199/CEMIP. In fact, NRP2 downregulation proves to be a mechanism of adaptive secondary resistance to oncogene-targeted therapy in tumor cells. Conversely, NRP2 overexpression or blockade of the downstream effector KIAA1199 results in EGFR depletion and therapeutic targeting of cancer cells, either primarily EGFR-addicted, or developing drug resistance due to adaptive EGFR upregulation.
